Artemin, a neuronal survival factor in the glial cell line-derived neurotrophic factor family, binds the glycosylphosphatidylinositolanchored protein GFR␣3 and the receptor tyrosine kinase Ret. Expression of the GFR␣3 receptor is primarily restricted to the peripheral nervous system and is found in a subpopulation of nociceptive sensory neurons of the dorsal root ganglia (DRGs) that coexpress the Ret and TrkA receptor tyrosine kinases and the thermosensitive channel TRPV1. To determine how artemin affects sensory neuron properties, transgenic mice that overexpress artemin in skin keratinocytes (ART-OE mice) were analyzed. Expression of artemin caused a 20.5% increase in DRG neuron number and increased the level of mRNA encoding GFR␣3, TrkA, TRPV1, and the putative noxious colddetecting channel TRPA1. Nearly all GFR␣3-positive neurons expressed TRPV1 immunoreactivity, and most of these neurons were also positive for TRPA1. Interestingly, acid-sensing ion channel (ASIC) 1, 2a, 2b, and 3 mRNAs were decreased in the DRG, and this reduction was strongest in females. Analysis of sensory neuron physiological properties using an ex vivo preparation showed that cutaneous C-fiber nociceptors of ART-OE mice had reduced heat thresholds and increased firing rates in response to a heat ramp. No change in mechanical threshold was detected. Behavioral testing of ART-OE mice showed that they had increased sensitivity to both heat and noxious cold. These results indicate that the level of artemin in the skin modulates gene expression and response properties of afferents that project to the skin and that these changes lead to behavioral sensitivity to both hot and cold stimuli.
Introduction
Glial cell line-derived neurotrophic factor (GDNF) proteins (artemin, neurturin, and persephin) provide support for developing sensory, sympathetic, parasympathetic, and enteric neurons (Baloh et al., 2000; Enomoto et al., 2000; Airaksinen and Saarma, 2002) . GDNF family ligands (GFLs) activate the Ret receptor tyrosine kinase through binding of glycosylphosphatidylinositolanchored GDNF family receptor ␣ coreceptors (GFR␣1-4) (Sariola and Saarma, 2003) . GDNF binds GFR␣1, neurturin binds GFR␣2, artemin binds GFR␣3, and persephin binds GFR␣4 (Lindahl et al., 2000; Carmillo et al., 2005) . For cutaneous sensory neurons, GDNF supports development of small neurons with nociceptive properties. These neurons express GFR␣1, are peptide poor, bind the lectin isolectin B4 (IB4), and some appear to be mechanonociceptors (Silverman and Kruger, 1988; Molliver et al., 1997; Bennett et al., 1998; Albers et al., 2006) . The role of neurturin-responsive, GFR␣2-positive neurons is less clear. Mice lacking neurturin have fewer GFR␣2-positive neurons and defects in innervation to the skin, enteric nervous system, and glands (Heuckeroth et al., 1999; Lindfors et al., 2006) . IB4-positive neurons from GFR␣2 Ϫ/Ϫ mice exhibit reduced heat currents, suggesting neurturin modulates thermal responsiveness (Stucky et al., 2002) .
Less is known about artemin and its affects on sensory neurons. Artemin is expressed by smooth muscle of the vasculature (Honma et al., 2002) , hippocampal neurons (Quartu et al., 2005) , carotid body cells (Leitner et al., 2005) , gut tissues (Lucini et al., 2005) , and skin (this report). Artemin-responsive, GFR␣3-positive sensory neurons are small and comprise ϳ20% of the mouse L5 dorsal root ganglia (DRGs) (Naveilhan et al., 1998; Orozco et al., 2001) . GFR␣3 neurons are particularly interesting because 80% of these neurons coexpress Ret and TrkA and are therefore responsive to artemin and nerve growth factor (NGF). In addition, 99% of these neurons express the thermosensitive transient receptor potential (TRP) channel TRPV1. TRPV1-positive neurons contribute to nociceptive signaling because mice that lack TRPV1 have attenuated responses to noxious heat after inflammation (Caterina et al., 2000; Davis et al., 2000) . In heterologous systems, TRPV1 and the related receptor TRPV2 are activated by high temperatures (Ͼ42°C), whereas TRPV3 and TRPV4 are activated by lower temperatures (30 -35°C) . In mice, TRPV1 is mainly expressed in IB4-negative, peptidergic neurons (Zwick et al., 2002) . Some sensory neurons also express the coldactivated TRP channels, TRP (melastratin)-8 (TRPM8) and TRP (ankyrin-like)-1 (TRPA1) (McKemy et al., 2002; Story et al., 2003; Reid, 2005) . TRPM8 is activated by cool stimuli (Ͻ23-28°C) and menthol, whereas TRPA1 responds to colder temperatures (Ͻ18°C), responds to natural compounds such as mustard and cinnamon oils (Story et al., 2003; Bandell et al., 2004) , and has a role in auditory hair cells (Corey et al., 2004) .
To better understand the function of artemin-responsive neurons, we isolated transgenic mice that overexpress artemin in the skin. The effect of artemin on developmental survival of cutaneous sensory neurons, TRP and acid-sensing ion channel (ASIC) gene expression, cutaneous afferent anatomy, physiology, and thermoresponsive behavior were examined. Our findings indicate that neurons responsive to artemin have unique physiological properties and that artemin significantly modulates expression of temperature-sensitive channels and behavioral thermal sensitivity.
Materials and Methods
Generation of transgenic mice. Mice were generated and screened as described previously for other growth factor genes (Albers et al., 1994 (Albers et al., , 1996 Zwick et al., 2002) . A 1100 bp fragment was PCR cloned from genomic DNA isolated from mouse liver using primers (5Ј-CGAAAGCTATG-GAACTGGGA-3Ј; 5Ј-GATCATCCTCAGCCCAGACA-3Ј) that encompass nucleotides of the artemin gene (GenBank accession number NT039264) (Honma et al., 2002) . The amplified fragment, which contains two intronic sequences within the artemin coding region (see Fig.  1 A) , was cloned into the pCR4-TOPO vector (Invitrogen, San Jose, CA), and its sequence fidelity was verified by DNA sequencing in the University of Pittsburgh Genomics and Proteomics Core Laboratory. A purified fragment containing 2.3 kb of the human K14 keratin promoter sequence, 1.1 kb of mouse artemin DNA, and 1.7 kb of the human growth hormone gene containing intron/exon and poly(A) signal sequences was injected into C57Bl6J/C3H F1 hybrid fertilized oocytes. Founder lines were screened using slot-blot assays performed on DNA from tail skin using transgene-and artemin-specific random primed 32 P-dCTPlabeled probes. Reverse transcriptase-PCR (RT-PCR) analysis of RNA from founder offspring backskin was used to assay the relative level of transgene expression. Detailed analysis was focused on the transgenic line that exhibited the highest transgene copy number. Primers to detect endogenous and transgenic artemin (5Ј-CTCAGTCTCCTC AGCCCG-3Ј and 5Ј-TCCACGGTCCTCCAGGTG-3Ј) as well as transgene-specific primers (5Ј-CGAGCTGATACGTTTCCCGCTTC-3Ј and 5Ј-AAGAGGGCAGCCAGTGTTTCTC-3Ј) were used. Analyses were performed on male and female transgenic and wild-type (WT) mice between 4 and 8 months old that were kept under Association for Assessment and Accreditation of Laboratory Animal Care conditions in the animal facility of the University of Pittsburgh. Animals were cared for and used in accordance with guidelines of the United States Public Health Service Policy on Humane Care and Use of Laboratory Animals and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
RT-PCR analysis. RNA was extracted from trigeminal and pooled lumbar (L3/L4/L5) DRGs from deeply anesthetized mice perfused transcardially with ice-cold phosphate buffer. RNA was isolated using Trizol reagent (Invitrogen) after an isopropanol precipitation and a 70% ethanol wash. RNA suspended in RNase-free water was DNase treated and 1 g was reverse transcribed using Superscript II (Invitrogen). Routine control reactions included PCRs on DNased RNA (without RT) and reactions run without templates to test for contamination. SYBR Greenlabeled PCR amplification was performed using a real-time thermal cycler (Applied Biosystems, Foster City, CA) controlled by a Dell Latitude laptop computer running Prism 7000 SDS software (Applied Biosystems). Reactions and analyses were performed as described by Molliver et al. (2005) using primers designed using Applied Biosystems software (Table 1) . RT-PCR analysis on skin samples and for ASIC assays were performed by running 32 P-dCTP spiked PCRs on 8% polyacrylamide gels and calculating the relative amount of PCR product using a BioRad (Richmond, CA) phosphorimager. SYBR Green-and 32 P-dCTP labeled reactions were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels, which were unchanged in transgenic tissues.
Tissue immunolabeling. Skin, ganglia, and spinal cord collected from animals perfused with saline were placed in 30% sucrose, embedded in OCT compound, and cut on a cryostat at 20 m thickness. Sections were fixed either for 10 min in Ϫ20°C acetone (GFR␣3 and TRPA1 labeling) or for 10 min in 4°C 4% paraformaldehyde [TRPV1, calcitonin generelated peptide (CGRP), and IB4]. The percentage of neurons labeled was determined by comparing the number of GFR␣3-positive, TRPV1-positive, or both TRPV1-and GFR␣3-positive neurons with the total number of neurons labeled with antibodies to peripherin and neurofilament 200, which represents nearly all neurons in the ganglia. At least three 40ϫ fields from a minimum of four nonadjacent sections were counted. Only neurons with visible nuclei were counted to avoid counting errors that could result from artemin-overexpresser (ART-OE) neuron hypertrophy. A minimum of 1000 neurons per animal was counted in at least three WT and three ART-OE mice. Somal size was measured using NIH ImageJ software using at least 150 profiles with nuclei per animal. The antibodies used were rabbit anti-artemin (5 g/ml; R & D Systems, Minneapolis, MN), anti-TRPV1 (1:250 skin, 1:500 ganglia; Oncogene Research, San Diego, CA), goat anti-GFR␣3 (1:80; R & D Systems), mouse anti-peripherin (1:400; Chemicon, Temecula, CA), mouse anti-neurofilament 200 (1:400; Sigma, St. Louis, MO), rabbit anti-CGRP (1:1000; Sigma), and rabbit anti-TRPA1 (10 g/ml; a generous gift from D. Corey, Harvard University, Boston, MA) (Corey et al., 2004) . IB4 conjugated to Cy3 was purchased from Invitrogen and used at 1:200. Donkey anti-rabbit and donkey anti-goat secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were used at 1:200. Images of immunolabeled sections were captured using a confocal microscope (Leica, Wetzlar, Germany).
Neuron cell counts. The number of L4 DRG neurons was estimated using previously described methodology (Harrison et al., 2004) . WT (n ϭ 4) and ART-OE (n ϭ 3) mice were deeply anesthetized, they were perfused with 0.9% NaCl, and their L4 ganglia were collected. Ganglia were postfixed in 4% paraformaldehyde for 30 min. Serial 8 M sections stained with cresyl violet were analyzed by counting neurons with visible nucleoli from at least 10 equally spaced sections. Final estimates of cell number were obtained from raw counts that were adjusted using a correction factor to account for neurons with multiple nucleoli that theoretically could be counted more than once.
Electrophysiology. An ex vivo somatosensory preparation in which the skin, nerve, DRGs, and spinal cord are intact was used . Adult mice (3-6 months old) were anesthetized with an intramuscular injection of a mix of ketamine (90 mg/kg) and xylazine (10 mg/kg). Animals were perfused transcardially through the left ventricle with chilled (14°C) and oxygenated (95% O 2 /5% CO 2 ) artificial 
CSF (aCSF) in which most sodium cations had been replaced with sucrose (in mM: 253.9 sucrose, 1.9 KCl, 1.2 KH 2 PO 4 , 1.3 MgSO 4 , 2.4 CaCl 2 , 26.0 NaHCO 3 , 10.0 D-glucose). The spinal cord and the right hindlimb were excised and placed in a circulating bath of the same solution. In this circulating bath, the spinal cord, DRGs, saphenous nerve, and the skin innervated by this nerve were isolated. The isolated preparation was transferred to a recording chamber containing oxygenated aCSF in which sodium ions had been replaced and the skin was pinned out on a mesh-covered platform. The level of the bath was lowered so that the epidermis was at the surface and allowed to dry. Somata in L2 and L3 DRGs were impaled using quartz microelectrodes (Vector Laboratories, Burlingame, CA). The peripheral response properties of the cell were assessed using controlled thermal and mechanical stimuli, and the mechanical responses of the cell were quantified using a feedback controlled constant force stimulator (Aurora Scientific, Aurora, Ontario, Canada). Stimuli included a series of single 5 s square waves of varied forces (1, 5, 10, 25, 50, and 100 mN) using a 1-mm-diameter probe. After mechanical stimulation, the response of the cell to thermal stimulation was determined using a contact peltier stimulator (Yale University, New Haven, CT). The receptive field was slowly heated (15 s) from 31 to 52°C and held for 5 s before returning to bath temperature. Calcium imaging. DRG neurons were grown using procedures described by Molliver et al. (2002) . DRGs from all spinal cord levels were incubated in 60 U of papain in a solution of cysteine (1 mg/3 ml HBSS) and saturated NaHCO 3 for 10 min at 37°C. The solution was then removed, and 12 mg of collagenase type II in 3 ml of HBSS was added for 10 min at 37°C. Next, collagenase was removed, and cells were washed in F-12 medium (Invitrogen) containing 10% fetal bovine serum (FBS). The mixture was then gently triturated and plated onto laminin (0.1 mg/ml)-coated and poly-D-lysine (5 mg)-coated glass coverslips. Cells were incubated for 2 h at 37°C, fed F-12 medium with 10% FBS, and incubated overnight. Cells were loaded with calcium indicator by incubation with HBSS containing bovine serum albumin and 2 M of the acetoxymethyl ester of fura-2 (Invitrogen) for 30 min at 37°C. Coverslips were placed on a Leica microscope stage mount with a 30°C HBSS buffer flowing at 5 ml/min, and firmly attached, refractile cells were chosen and identified as regions of interest in the software (Simple PCI; C-Imaging, Compix Imaging Systems, Sewickley, PA). Absorbance data at 340 and 380 nm were collected at 1/s, and the relative fluorescence (340/380 ratio) was analyzed. Calcium transients were examined in response to brief (1-2 s) local application of either 1 M capsaicin or 100 M ATP using a rapid-switching perfusion system (Warner Instruments, Hamden, CT). Response parameters were compared for significance using Student's t test.
Behavioral analysis. Eight WT and eight ART-OE transgenic mice of mixed gender were tested for heat sensitivity using the Hargreaves' test (Hargreaves et al., 1988) . Mice were placed on a 30°C heated glass surface in individual chambers (10.0 ϫ 10.0 ϫ 13.0 cm) of a 16-chamber Plexiglas container (IITC, Woodland Hills, CA). Animals were acclimated to the apparatus for 1.5 h before testing. The apparatus was set at a laser intensity of 15%, and testing was performed using repeated measures (three measures per foot) of the left and right glabrous hindpaw skin. Six response times were averaged for each animal. Mean response times for each set of animals were determined, and values Ϯ SEM were expressed. Significance was determined using Student's t test (n ϭ 8 per group). For cold measures, individual mice (10 WT, 10 ART-OE) were restrained in an open-ended tube and the distal third of the tail was immersed in an ethanol bath (Mogil and Adhikari, 1999) . Assays were performed at 0 and Ϫ15°C on two different sets of mice. The time until a vigorous tail withdrawal response occurred was measured to 0.1 s using a stopwatch.
Results

Artemin overexpression in skin enhances neuron number in sensory ganglia
The human K14 keratin promoter directed expression of artemin in basal keratinocytes of the epidermis and keratinized epithelium of the oral cavity (Fig. 1 A) . K14-driven transgene expression begins at approximately embryonic day 11 (E11) in whisker pad skin, continues into adulthood (Figueiredo et al., 2001) , and has been shown to successfully express high levels of NGF, NT3, BDNF, NT4, and GDNF in the skin and oral cavity (Albers et al., 1994 (Albers et al., , 1996 Krimm et al., 2001; Zwick et al., 2002) . RT-PCR analysis of transgene expression showed a low level of artemin mRNA in skin from WT mice and an enhanced level in skin of ART-OE mice (Fig. 1 B) . On the protein level, comparison of artemin immunolabeling of WT and ART-OE skin showed only slight reactivity in the WT epidermis and a significant enhancement in artemin immunoreactivity in transgenic skin that was restricted to the K14 keratin-expressing keratinocytes (Fig. 2 A) . This increase in artemin resulted in trigeminal ganglia and DRGs from ART-OE mice that were visibly enlarged in size (Fig. 2 B) . Counts of the number of neurons in the L4 DRGs of three WT and three ART-OE animals showed this enlargement was attributable, at least in part, to a 20.5% increase in neuron number (WT, 4800 Ϯ 119; ART-OE, 5788 Ϯ 250; p Ͻ 0.011), supporting a role for artemin as a developmental survival factor for a subpopulation of sensory neurons. In this role, retrograde transport of artemin from the skin would be expected. We therefore labeled WT and ART-OE ganglia using an anti-artemin antibody, which showed artemin-positive neurons only in the ART-OE ganglia (Fig. 2C) . To assess central changes, the density of peptidergic (CGRP positive) and nonpeptidergic (IB4) afferent innervation to the spinal cord dorsal horn was determined (Fig. 2 D) . No significant difference in either projection was observed.
Artemin overexpression modulates expression of GFR␣3 receptor
Artemin activates src-family kinase-dependent cell-signaling pathways after binding to its GFR␣3 and Ret kinase receptor complex (Encinas et al., 2001; Carmillo et al., 2005) . Sensory Figure 1 . Overexpression of artemin in the skin is driven by the K14 keratin promoter. A, Diagram of transgene construct used for isolation of ART-OE mice. The K14 promoter drives expression of the artemin sequence represented by black boxes. Lines connecting the boxes indicate two intronic sequences retained in the artemin sequence. The 3Ј human growth hormone sequence provides splice sites and a poly(A) addition signal. The arrow indicates the transcription start site, and ATG and TGA are translation start and stop sites, respectively. B, RT-PCR analysis of RNA isolated from WT (n ϭ 3) and transgenic (ART-OE; n ϭ 3) back skin showing increased expression of artemin mRNA in ART-OE skin. Lanes 1-6, Amplicons obtained using primers to the artemin gene sequence; lanes 7-12, products using transgene-specific PCR primers; lanes 13 and 15, negative controls for the PCR; lanes 14 and 16, positive controls for the artemin and transgene sequences, respectively. Note significant enhancement in the level of artemin mRNA and lack of transgene expression in transgenic skin samples. hGH, Human growth hormone; PA, poly(A). ganglia were therefore labeled using an anti-GFR␣3 antibody to determine whether the properties of GFR␣3-positive neurons changed in response to the increase in skin-derived artemin (Fig.  3) . The percentage of GFR␣3-positive neurons was unchanged in ART-OE ganglia (WT, 19.64 Ϯ 0.57%; ART-OE, 18.07 Ϯ 1.47), and cell diameter measures showed these neurons to be hypertrophied (WT, 20.03 Ϯ 0.67 m; ART-OE, 26.09 Ϯ 0.99 m; p Ͻ 0.05) (Fig. 3 A, D) . GFR␣3 expression was also examined on the transcriptional level by assaying the relative abundance of GFR␣3 mRNA in WT and ART-OE ganglia (Table 2) . Real-time PCR analysis of lumbar DRG RNA showed GFR␣3 mRNA increased by 34% in ganglia of ART-OE animals ( p Յ 0.002). Because the percentage of GFR␣3-positive neurons was unchanged, this increase in GFR␣3 mRNA suggests its expression was elevated on a per-cell level. Interestingly, transcripts encoding tyrosine kinases Ret and TrkA, which are coexpressed in ϳ80% of GFR␣3-positive neurons (Orozco et al., 2001) , were differentially regulated in ART-OE ganglia (Table 2 ). Relative to WT ganglia, the Ret transcript level was unchanged, whereas TrkA mRNA levels were increased 37% ( p Յ 0.005) in parallel with the 34% elevation in GFR␣3 (Table 2 ).
Artemin overexpression in the skin increases the level of TRPV1 mRNA but decreases expression of ASIC mRNAs in a sex-specific manner Virtually all artemin-responsive (GFR␣3-positive) sensory neurons express the capsaicin receptor TRPV1 (Orozco et al., 2001 ). We therefore tested whether transcriptional regulation of TRPV1 or other TRPV channel genes was altered in ART-OE ganglia using RT-PCR analysis of RNA isolated from pooled lumbar (L3/ L4/L5) ganglia (Table 2) . Compared with WT, the TRPV1 transcript level was 61% higher in ART-OE DRGs ( p Յ 0.0005). No change in the TRPV2, TRPV3, or TRPV4 mRNA level was measured.
The relative expression of genes encoding members of the ASIC family was also measured (Table 3) . ASICs are protongated sodium channels that are proposed to underlie acid-evoked pain and at least some aspects of mechanical sensation (Price et al., 2001; Benson et al., 2002; Krishtal, 2003; Jones et al., 2005; Albers et al., 2006) . The relative expression of ASIC1, ASIC2a, ASIC2b, and ASIC3 was determined using RT-PCR assays of pooled lumbar ganglia. Interestingly, a significant decrease in all subtypes occurred in ganglia from female mice (ASIC1, 44.3%; ASIC2, 72.7%; ASIC2b, 44.4%; ASIC3, 61.2%). These were in contrast to male ganglia, in which only ASIC2a was decreased (48.6%). This sex-specific difference was not observed for other genes assayed (receptors, TRP channels, and GAPDH).
Artemin causes hypertrophy of TRPV1-positive afferents
Immunolabeling of L4/L5 DRG with antibodies to TRPV1 and GFR␣3 (Fig. 3) showed most GFR␣3-positive neurons expressed TRPV1 in both WT (94.25 Ϯ 0.88%) and ART-OE (96.55 Ϯ 2.00) mice, although not all TRPV1 neurons were GFR␣3 positive (in either WT or ART-OE). The overall percentage of TRPV1 neurons in ART-OE mice was also unchanged compared with WT mice (WT, 27.53 Ϯ 1.19% vs ART-OE, 28.81 Ϯ 2.75%). Similar to the GFR␣3 population, the total number of TRPV1-positive neurons must have increased because of the increase in overall neuron number. TRPV1 neurons in ART-OE ganglia also showed hypertrophy in size (WT, 20.42 Ϯ 3.90% vs ART-OE, 24.43 Ϯ 1.39%; p Ͻ 0.05) (Figs. 2 B, 3A) , confirming that the GFR␣3/TRPV1 neuron population was responsive to artemin.
The increased diameter of TRPV1-positive neurons raised the possibility that enhanced levels of artemin alter peripheral projection patterns of TRPV1-positive neurons. Therefore, skin innervation was examined by immunolabeling whisker pad, backskin, and footpad skin. Using the general neuronal marker Figure 2 . Skin-expressed artemin increases the number of sensory neurons and is retrogradely transported to the ganglia. A, Immunolabeling of whisker pad skin from WT (top) and ART-OE (bottom) mice using an antibody to artemin. Artemin protein is significantly increased in basal keratinocytes of ART-OE mice. Scale bar, 25 m. epi, Epidermis. B, Left, Set of trigeminal ganglia from littermate WT mouse. Right, Ganglia from ART-OE mice are larger relative to WT ganglia. DRGs showed a similar enlargement (not shown). C, Artemin is retrogradely transported from the skin as indicated by artemin immunoreactivity in trigeminal ganglia neurons of ART-OE (arrows) but not WT mice. Scale bar, 35 m. D, Spinal cord dorsal horn of WT and ART-OE mice labeled with anti-CGRP (green) and IB4 (red). No significant difference was observed in the distribution or density of CGRP peptidergic or IB4 nonpeptidergic afferents. Scale bar,100 m. PGP-9.5, no major change in innervation density or projection pattern was found in these regions (data not shown). Colabeling of WT and ART-OE whisker pad and footpad skin using anti-GFR␣3 and anti-TRPV1 antibodies, however, did reveal a significant change in afferent innervation in ART-OE skin. Whisker pad (Figs. 4, 5 ) and footpad skin (data not shown) of ART-OE mice showed greater density of GFR␣3-labeled afferents compared with WT skin (Fig. 4, compare A, D; compare Fig. 5A, D) . In addition, the number of TRPV1-positive afferents in ART-OE skin was significantly increased in dermal and epidermal compartments (Fig. 4, compare  B, E; Fig. 5, compare B, E) . Thus, increased artemin in skin enhances projections of TRPV1-and GFR␣3-positive fibers. Whether this is attributable to an increase in the number of TRPV1/GFR␣3-positive afferents and increased branching of processes is unclear. However, the somal hypertrophy of these neurons and increase in TRPV1 and GFR␣3 mRNA expression is consistent with the presence and maintenance of more highly branched peripheral processes. Also of note was that the epidermis of ART-OE skin appeared thinner in some sections of skin (Fig. 5) , suggesting that increased levels of artemin affects keratinocyte turnover.
The TRPA1 channel protein is a marker for GFR␣3 neurons and is modulated by artemin level
In addition to TRPV1, increased skin expression of artemin led to enhanced expression of TRPA1, a channel protein reported to be activated by pungent compounds and noxious cold (Peier et al., 2002; Bandell et al., 2004; Bautista et al., 2005) . TRPA1 mRNA was increased 210% in the DRGs of ART-OE transgenic mice compared with wild type (Table 2 ). In WT (Fig. 6 A-C) and ART-OE (Fig. 6 D-F ) trigeminal ganglia and DRGs immunolabeled with antibodies to TRPA1 and GFR␣3, a large degree of overlap in TRPA1 and GFR␣3 expression occurred. Based on this overlap, it appears that TRPA1 is expressed by nearly all sensory neurons that are GFR␣3 positive and therefore artemin responsive and TRPV1 positive. In addition, TRPA1 immunolabeling of neurons in transgenic ganglia appeared more intense, likely reflecting the increase in TRPA1 mRNA shown by RT-PCR assay (Table 2) . TRPM8 was also assayed in trigeminal ganglia and found to be unchanged, although a trend toward reduction (Ϫ36%) of this transcript occurred in ART-OE ganglia ( p ϭ 0.055, two-tailed t test).
Artemin alters thermal but not mechanical response properties of cutaneous C-fibers
Modulation of TRPV1 and TRPA1 ion channel expression by artemin suggests changes in cutaneous afferent receptive properties occur in ART-OE mice. To test this, a skin/saphenous nerve/ DRG/spinal cord ex vivo preparation was used to measure peripheral response properties of cutaneous sensory neurons in ART-OE mice (Ritter et al., 2000; Woodbury and Koerber, 2003) . Identified afferents from eight ART-OE mice and seven agematched WT mice were examined for mechanical and thermal sensitivity (Fig. 7) . Mechanical thresholds of C-fiber afferents were unchanged (WT, 17.0 Ϯ 5.3 mN; ART-OE, 14.6 Ϯ 5.3 mN) as were mean firing rates after mechanical stimulation (Fig. 7A) . In contrast, a significant change in thermal sensitivity of C-fiber afferents in ART-OE mice was detected (Fig. 7B) . Both a decrease in heat threshold (WT: 40.8 Ϯ 1.1°C, n ϭ 19; ART-OE: 36.8 Ϯ 0.7°C, n ϭ 22; p Ͻ 0.01) and an increase in sensitivity, measured as mean firing rate per degree Celsius (Fig. 7B) , were exhibited in ART-OE preparations.
Sensory neurons of ART-OE mice are sensitized to capsaicin
Expression of artemin increased TRPV1 mRNA and lowered heat threshold of C-fiber afferents, suggesting that artemin enhances TRPV1 channel responses in sensory neurons. To further exam- ine TRPV1 activity, we used calcium imaging to compare the response of sensory neurons cultured from WT and ART-OE animals to the TRPV1 agonist capsaicin (Fig. 8) . DRG neurons cultured for 18 -24 h were exposed briefly (2 s) to 1 M capsaicin. Ratiometric imaging using fura-2 dye showed capsaicin elicited calcium responses in significantly more ART-OE DRG neurons (66 Ϯ 6%; n ϭ 5 mice; 50 cells) than WT DRG neurons (46 Ϯ 2%; n ϭ 5 mice; 26 cells; p Ͻ 0.020) (Fig. 8 A) . The magnitude of the capsaicin-evoked calcium transient was also increased in ART-OE neurons (1.24 Ϯ 0.1 ⌬F) relative to that in WT DRG neurons (0.84 Ϯ 0.08 ⌬F) ( p Ͻ 0.002). As a control to test the specificity of this change, responses to 100 M ATP, a ligand that activates P2X3 and P2Y receptors in nociceptors and also activates calcium, was added to the cultures (Fig. 8 B) . No difference in calcium response was measured between DRG neurons from ART-OE (53%; 0.43 Ϯ 0.05 ⌬F) and WT (51%; 0.45 Ϯ 0.04 ⌬F) animals, thus suggesting that skin-derived artemin modulates capsaicin sensitivity in a TRPV1-specific manner.
Artemin overexpression increases the behavioral response to thermal stimuli Based on our gene expression and physiological analysis, we performed behavioral measures of ART-OE mice to test for changes in sensitivity to mechanical and thermal stimuli. Von Frey filament testing of footpad skin showed no change in mechanical thresholds in ART-OE mice (WT, 5.27 Ϯ 0.33 mN vs ART-OE, 5.14 Ϯ 0.37 mN), consistent with the ex vivo analysis of afferent properties. In contrast, withdrawal response times after exposure of footpads to radiant heat measured using a Hargreaves' apparatus were shorter. Animals were acclimated to the testing apparatus, and a focused radiant heat source was applied to glabrous skin of the hindfoot. Repeated measures of eight WT and eight ART-OE mice showed faster withdrawal in ART-OE mice (6.33 Ϯ 0.27 s; p ϭ 0.004) compared with WT mice (8.05 Ϯ 0.46 s). These data support an intrinsic role for artemin in regulating sensitivity to noxious heating of the skin. Similar to TRPV1, transcript levels of TRPA1 were also elevated in ART-OE ganglia and TRPA1 expression overlapped with GFR␣3 expression. Because TRPA1 may contribute to sensing of cold (Story et al., 2003; Bandell et al., 2004) , we tested whether ART-OE mice were more responsive to cold stimuli. Response to cold was tested by tail immersion in a bath set at either 0°C or Ϫ15°C using two sets of 10 WT and 10 ART-OE mice (40 mice total). ART-OE mice exhibited lower thresholds at the 0°C bath temperature (WT, 10.64 Ϯ 1.67 s; ART-OE, 5.15 Ϯ 1.42 s; n ϭ 10; p ϭ 0.010) and at the Ϫ15°C bath temperature (WT, 15.09 Ϯ 2.78 s; ART-OE, 5.22 Ϯ 1.03 s; n ϭ 10; p ϭ 0.002). Artemin overexpression in the skin can therefore modulate cutaneous sensitivity to both heat and cold.
Discussion
We found that transgene-driven overexpression of artemin in skin keratinocytes enhanced developmental survival and functional properties of a unique subpopulation of sensory neurons that are GFR␣3, TRPV1, and TRPA1 positive. The in vivo survival action of artemin shown in this study is consistent with studies in which increased survival of sensory, sympathetic, and enteric neurons cultured with artemin were observed. For sensory neurons, the greatest survival effect occurred in cultures derived from postnatal ganglia in which survival rates of up to 72% were measured (Baudet et al., 2000) . Therefore, it was unexpected that E14.5 mouse embryos that lack artemin had normal projections of GFR␣3-positive afferents. In addition, adult DRGs from ART Ϫ/Ϫ mice were normal in size and showed no change in overall density of IB4-and CGRP-positive neurons (Baloh et al., 1998; Enomoto et al., 2001; Honma et al., 2002) . This arteminindependent survival in GFR␣3-positive neurons may reflect D-F ) animals. An increase in GFR␣3-positive afferents (green, arrows) occurs in dermis of ART-OE skin. Immunolabeling with anti-TRPV1 (red; B, E) shows high expression in ART-OE afferents (E). Few TRPV1 fibers were seen in WT skin (B). TRPV1 labeling of GFR␣3 afferents of ART-OE skin was particularly evident in merged images (F ) where overlap appears yellow. Overlap was rarely seen in WT skin (C). Asterisks in D-F indicate appearance of GFR␣3 and TRPV1 afferents in epidermis of ART-OE skin (see Fig. 4 ). Arrowheads in D-F indicate a GFR␣3-positive fiber that is not TRPV1 positive and may represent sympathetic innervation. Scale bar (in F ), 100 m. epi, Epidermis; sb, sebaceous gland; hf, hair follicle. Figure 5 . Artemin increases the intensity of TRPV1 expression in GFR␣3 epidermal afferents. High-magnification view of GFR␣3 (green; A, D) and TRPV1 (red; B, E) labeling in whisker pad epidermis of adult WT (A-C) and ART-OE (D-F ) mice. In WT skin, few dermal (arrows) and epidermal (arrowheads) GFR␣3-positive fibers express TRPV1. In contrast, ART-OE skin has many TRPV1-positive fibers that appear to sprout in the epidermal layer (E, F ). Scale bar (in E), 40 m. epi, Epidermis; hf, hair follicle.
overlapping GFL dependencies (i.e., GDNF or neurturin may support survival of these neurons through binding of GFR␣3, GFR␣1, or GFR␣2, because these receptors can be expressed in these neurons) (Baudet et al., 2000) . NGF signaling through TrkA, which is expressed in GFR␣3 neurons (Orozco et al., 2001) , may also have promoted survival. However, actual counts of sensory neurons were not reported, so it remains a possibility that a small loss in sensory neurons and defects in projection pattern did occur in animals lacking artemin.
In newborn mice, neuronal expression of GFR␣3 mRNA is robust from the day of birth, being localized to 20 -34% of smalland intermediate-sized neurons (Naveilhan et al., 1998; Baudet et al., 2000; Honma et al., 2002) . In adult mice, 19 -20% of DRG neurons express GFR␣3 (Orozco et al., 2001 ; this study), supporting a role for artemin in adult systems and during development. In this study, overexpression of artemin in the skin caused a 20.5% increase in neuron number in the DRGs of adult mice. Based on immunolabeling analysis, this increase likely reflects addition of small-to medium-diameter GFR␣3-positive neurons that project to dermal and epidermal compartments of skin. GFR␣3-positive nerve bundles appeared in upper dermal layers, and small-diameter fibers from these bundles penetrated through several layers of the epidermis. In WT skin, TRPV1 channel protein was only detected at low levels in few GFR␣3-positive fibers. In contrast, nearly all GFR␣3-positive fibers in ART-OE skin displayed high-intensity TRPV1 labeling. The increase in GFR␣3/TRPV1-afferent colabeling likely reflects enhanced expression of TRPV1 protein and is consistent with elevation of TRPV1 mRNA and somal hypertrophy of TRPV1-positive neurons. An even greater increase in TRPA1 mRNA occurred in ART-OE ganglia, suggesting artemin signaling also regulates TRPA1 expression. That many TRPA1-positive neurons were GFR␣3 immunopositive further supports this possibility.
The expression of TRPV1 and TRPA1, in virtually all GFR␣3 neurons, suggests artemin supports nociceptor neurons that respond to various noxious stimuli such as heat, cold, capsaicin, and pungent compounds. We analyzed the effect of artemin on functional properties of C-fiber neurons in adult ART-OE DRG using an intact skin, nerve, DRG, and spinal cord preparation. Relative to WT animals, C-fibers of ART-OE mice showed no difference in mechanical threshold but did exhibit a significant reduction in heat threshold and increased firing frequencies in response to a heat ramp applied to the skin. This change in C-fiber heat response may underlie, in part, the increased behavioral response to noxious heat demonstrated by ART-OE animals. These findings also suggest the level of skin-derived artemin modulates thermal sensation. The artemin-mediated increase in TRPV1 channel expression in GFR␣3-positive afferents is consistent with this role. The artemin-related change in C-fiber sensitivity is similar to effects of NGF on cultured rat DRG neurons (Galoyan et al., 2003) . Growing neurons in NGF medium enhanced inward current in response to high heat (Ͼ43°C), although the threshold temperature was unchanged. Similarly, C-fiber afferents in mice that overexpress NGF in skin (NGF-OE mice) exhibited increased firing frequencies but had unchanged Increased levels of artemin sensitizes cutaneous C-fibers to thermal stimuli. An ex vivo preparation of the skin, nerve, DRG, and spinal cord was used to compare thermal and mechanical properties of cutaneous C-fibers in WT and ART-OE mice. ART-OE afferents had no change in mechanical response properties (A) but did exhibit significantly lower heat thresholds (see Results) and significantly higher firing rates over a range of noxious temperatures (temp.; B).
heat thresholds (Stucky et al., 1999) . In addition, unlike ART-OE animals, NGF-OE mice and mice that overexpress GDNF in skin (GDNF-OE) mice showed no increase in TRPV1 mRNA in DRG neurons (Zwick et al., 2003; Molliver et al., 2005) .
To test whether artemin overexpression affects chemical response properties, WT and ART-OE DRG neurons were exposed to the TRPV1 agonist capsaicin. Calcium imaging showed more ART-OE DRG neurons responded to capsaicin and that these neurons, on average, exhibited stronger responses. The enhanced TRPV1 activation could occur because of modification of channel properties caused by receptor tyrosine kinase signaling induced by artemin binding (Wang and Woolf, 2005) . Increased TRPV1 expression in GFR␣3-positive neurons is also likely to underlie, in part, the enhanced response to capsaicin. That artemin increases TRPV1 expression is also significant because artemin mRNA expression rises dramatically after inflammation of the skin (Malin et al., 2006) and TRPV1 contributes to inflammatory pain (Caterina et al., 2000; Davis et al., 2000) . Artemin signaling may therefore have a key role in modulating TRPV1 expression and, in turn, afferent sensitivity in response to painful inflammatory stimuli.
Previous studies of GDNF-OE mice showed IB4-positive C-fibers had increased mechanosensitivity that correlated with enhanced ASIC2 levels . In the DRG of ART-OE mice, ASIC mRNAs were significantly decreased in a sex-specific manner. Male mice had less ASIC2a, whereas female mice had reduced levels of ASIC1, ASIC2a, ASIC2b, and ASIC3. The basis for this sex specificity is unclear, as is the effect of decreased ASIC expression on sensory coding. One might expect ART-OE mice to be less mechanically sensitive, but no change in mechanosensitivity was measured by behavioral or ex vivo criteria. A likely explanation is that GDNF and artemin act on different populations of sensory neurons, and these populations have different mechanisms for regulating mechanical sensitivity. Additional single-cell studies will be required to determine the relationship between ASIC expression, artemin level, and modulation of mechanical signaling.
An important finding was the enhanced expression of TRPA1 mRNA in GFR␣3-positive neurons of ART-OE mice. This increase, coupled with the enhanced behavioral sensitivity to cold, supports a role for TRPA1 in noxious cold detection (Story et al., 2003; Bandell et al., 2004) and suggests TRPA1-positive cutaneous afferents contribute to in vivo perception of cold temperature. However, whether TRPA1 directly signals noxious cold has been debated. Studies support a direct activation of TRPA1 by cold in heterologous and DRG culture systems (Story et al., 2003; Bandell et al., 2004 ) and a role in cold hyperalgesia (Katsura et al., 2006) . Two recent reports of TRPA1 knock-out models, in which only a portion of the TRPA1 channel is translated, gave conflicting results. Bautista et al. (2006) reported normal cold responses, whereas Kwan et al. (2006) reported impaired cold responses. TRPA1 therefore appears to have a complex role in cold sensation that may be dependent on mouse strain or method of testing. Even so, given the TRPA1 increase in GFR␣3 neurons and the behavioral response data, it is reasonable to conclude that the enhanced withdrawal response of ART-OE mice to noxious cold is attributable in part to activation of TRPA1.
Neuropathic pain can become a chronic condition resistant to current pharmacological therapies. To understand how this condition becomes intractable, interest has focused on the role of growth factors such as NGF and artemin in the development and maintenance of pain conditions. The effect of artemin on pain after nerve injury in the rat has been investigated using spinal nerve ligation (SNL) injury models (Gardell et al., 2003; Bolon et al., 2004) . Gardell and colleagues (Malan et al., 2000; Gardell et al., 2003) reported that subcutaneous injection of artemin (1 mg/ kg) 3 d after nerve ligation significantly reduced tactile and thermal hypersensitivity within 24 h and normalized changes in spinal dynorphin levels, a pronociceptive agonist of the -opioid receptor that typically rises after SNL. In another study of artemin and nociception after SNL, no change occurred in mechanical allodynia after artemin was administered intraperitoneally (5 mg/kg) or by intrathecal infusion (Bolon et al., 2004) . Thus, the effects of artemin on pain signaling appear dependent on the dose and route of delivery. In the present study, because artemin is produced in the skin during development and in the adult transgenic, it is hard to say how artemin-induced changes in cutaneous afferents might affect nociceptive signaling. However, what does seem likely is that the modest increase in artemin-responsive afferents in the skin coupled with the enhanced level of TRP channel expression contributed to the increased thermal sensitivity exhibited by the ART-OE mice. Thus, artemin-responsive sensory afferents likely have an important role in nociceptive processing after injury. Figure 8 . Artemin enhances the response to capsaicin in cultured sensory neurons. Calcium transients elicited by brief exposure to 1 M capsaicin were measured in DRG neurons acutely isolated from adult WT and ART-OE mice. A, Representative calcium response obtained from WT and ART-OE neurons measured by fura-2 ratiometric imaging. Capsaicin caused an increase in intracellular calcium concentration in significantly more ART-OE neurons compared with WT neurons (see Results), and these neurons had larger responses to capsaicin compared with WT neurons ( p Ͻ 0.002). B, Response to 100 M ATP was not affected in ART-OE neurons, suggesting that the enhanced capsaicin response in ART-OE neurons results from changes in TRPV1 rather than an overall increase in excitability.
